ABSTRACT. This study is motivated from the collapse of an old masonry building in the Southern Italy. FEM analyses are carried out focusing on the influence of the contrasting wall on the stability of the vault. In the analyses, the structure is subjected to a damage scenario on the contrasting wall due to a demolition project, and the consequence of the damage is evaluated using the explicit dynamic simulation made by Ls-Dyna®. A micro modelling technique (discrete FEM model) is adopted to model the masonry: the mortar is modelled by contact surfaces between the masonry units, which are explicitly modelled by blocks of meshes. This modelling technique is proven to be effective to predict the collapse behavior of the structure.
INTRODUCTION
asonry structures are widespread in the world, built with different materials and different construction techniques. Some of them are old: masonry construction initiated in the ancient times, as early as 4.000 BC with stonemasonry in Ancient Egypt, and culminated in the Roman era with the development of the Roman Arch. The behavior of masonry buildings is affected by the used materials, the quality of the mortar and workmanship, the assembly, and their age.
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Although superseded by concrete construction in the 20th century, there are numerous masonry residential buildings still used for housing and other scopes. In southern Italy in particular, unreinforced masonry buildings built in the first half of the 20th century represent a significant portion of the residential building stock, especially in rural areas, with clay brick masonry being the most common material. Due to the lack of code compliance (many masonry houses were built without permit), these buildings are often dangerous, and prone to poor performance. A lot of research has been carried out on the FEM (Finite Element Modelling) of masonry structures, considering the complexity arising from the fact that masonry is an anisotropic composite material [1] [2] [3] [4] [5] [6] . Tzamtzis and Asteris [7] summarize several methods and finite element models developed for the static and dynamic analysis of unreinforced masonry walls, focusing on the constitutive model for bricks and mortar. They conclude that most of these models treat masonry, either as an ideal homogeneous material with constitutive equations that differ from those of the components, or two-phase material models where the components are considered separately to account for the interaction between them. These approaches are reported frequently as "macro modelling" or "micro modelling" [8] . More recently, Giresini et al. [9] propose a quick and simplified method to describe masonry vaults in global seismic analyses of buildings. Fig. 1 summarizes three different modelling techniques for masonry modelling, respectively, micro-, macro-and simplified micro modelling. In the case a micro modelling approach is taken, the challenge is to describe the complex behavior of the interface between bricks and mortar. Detailed micro modelling considers bricks and mortar as separate continuous elements, while the interface between them is discontinuous. A simplification of the above is found in simplified micro-modelling, where expanded units are represented by continuous elements and mortar joints and the interface by discontinuous elements. With this model, mortar joints are ignored and replaced by interface elements, whose characteristics are based on interface behavior (see also [10] ). The modelling is not trivial. An important aspect for the accurate modeling is the mechanical characterization of historical masonry structures. Rovero et al. [11] perform an in situ experimental validation of the qualitative methodology developed in [12] . More recently, Maione et al. [13] focus on the management of the data derived from different sources (e.g. infrared thermography, visual inspections, architectural survey, historic analysis), providing a methodology for the complete characterization of a historic masonry building. Furthermore, performed numerical analyses have shown that the bonding strength of the connections significantly influences the load-bearing capacity and the behavior of the structure under loading [14] . To this end, the use of simplified modelling techniques is common in the last years [15] . The reader is referred to [16] for additional modelling aspects regarding historical vault structures.
BOUNDARY CONDITIONS IN MASONRY BUILDING BLOCKS
hen dealing with existing masonry buildings there are some general aspects that should be carefully examined. Among other prescriptions, it is important to check the physical condition of masonry elements and the presence of any degradation or modification with respect to the original situation, both as an isolated structure and included in a building block. Considering the latter, the interaction with adjacent buildings potentially interacting with the building under study, should also be taken into account, for what regards the configuration of the masonry elements and their connections. From these recommendations, it is clear that, in case of retrofitting interventions on existing adjacent buildings, a preliminary evaluation of the interactions between the buildings and an accurate and reliable investigation are necessary. Thus, the effects of the interventions on one of the buildings should be studied also to the adjacent ones, considering the different phases (demolition, excavation, rebuilding, etc.). A group of adjacent buildings is delimited by an open space and it is composed by various adjacent non-uniform constructions. The constituting buildings are often built in different periods, with different materials. They have different owners and usually experience different uses and modifications during time. In the analysis of a single structural unit, it is necessary to take into account the possible interactions arising from the structural contiguity with the adjacent buildings. Neglecting these aspects can have significant consequences on the structures, leading even up to the occurrence of catastrophic collapses. In case of intervention on an existing building, the design approach depends on the completeness and reliability of the gathered information. Nevertheless, uncertainties need to be accounted for [17] . For this reason, the capacity parameters can be reduced by using specific confident factors that vary according to the level of knowledge. In the Eurocode 8 -Part 3 [18] , for example, at a good knowledge on the structure (Knowledge level KL 3) corresponds a confident factor (CF) equal to 1, while in case of intermediate and low knowledge (KL 2 and KL 1) the recommended values for the confident factors are respectively 1.2 and 1.35.
DESCRIPTION OF THE BUILDING COMPLEX
bject of this study is to provide a methodology for assessing the residual strength of a vault structure when the horizontal support ceases to exist. To this aim, the analysis focuses on an actual case of a collapsed portion of a building complex that followed the demolition of the other part that worked as a support for a vault. The structure, entirely built in masonry, has some significant characteristics. As in many cases for masonry structures, a criticality lies on the absence of strain resistance and on the stress resistance due to the shape. Furthermore, different parts of the building were built in different periods, complying with different standards (or not complying with standards at all). Many of the walls, including those supporting the vaults, have cores filled with rough rubble masonry. The considered case study regards a group of adjacent constructions located in a city of the South of Italy. In Fig. 2 an aerial view of the group of buildings is shown (from [19] ). In the moment the picture was taken, it was possible to clearly recognize four main units. Such units were built in different instants, starting from 1870, and then they were modified and unified. This study focuses on the buildings indicated with "A" (demolished) and "B" (collapsed) in Fig. 2 . More precisely, the demolition of building A was planned and carried out without taking into account its interactions with building B, and neglecting the consequences on its stability. 
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The two buildings had a common wall that supported the actions of various vaulted ceilings. Fig. 3 provides the layout of the structure under investigation, including the geometric dimensions of the bi-dimensional model, together with an overview of the modelled elements. On the left side, the pertinent volume is shown, while the wall on the far right side is considered as fixed. On the left side is identified the demolished part, and on the right the collapsed part, which was a consequence of the demolition. On the left side, only the relevant structural parts are reported. The right side includes two vault structures. The two parts are separated by a shared wall, which is considered as an important part for the investigation. In fact, the demolition works initiated from the left side, and the collapse of the right portion of the building complex took place when the demolished was finishing. It is normal to presume at this point that the demolished part served as a horizontal support, providing stress resistance to the vaults that collapsed on the right portion of the building.
SIMPLIFIED NUMERICAL MODELLING OF THE VAULT
n order to model the conditions prior and after the collapse, a FEM model is implemented (similar to [14] ) in the LS-DYNA numerical code (for modelling issues see [20] ). Part of these results obtained by the authors are reported also in [21] and are described in later paper by Palmisano and Perilli [22] .
Modelling details
Some simplifications are made. In particular, only the bi-dimensional vault structure is considered in the numerical simulation of the arch effect of the vault, and focus is given on only one of the vaults. With reference to the plan of the I building complex before the last demolishing (Fig. 3) , the hypothesis made is that the critical element is the contrasting wall (B), which contrasts the horizontal force of the vault and maybe also of the adjacent vaults/arches. Three hypotheses are made regarding the volume of the influencing part that act (as a rectangular volume) on the contrasting wall. These hypotheses are validated by means of numerical simulations, implementing a parametric analysis. The two dimensions of the volume are fixed, and one is variable. The parallelogram volume has a height of 2.8 meters and a depth of 1.2 meters, while the third dimension (length) is considered as a variable parameter. Thus, by varying the length L, the pertinent (tributary) volume changes. Tab. 1 reports the adopted values. In the considered simplified modelling approach, the blocks are individually modelled, but the mortar is modelled as a contact between the blocks (thus, the mortar is not explicitly modelled). Every single brick is meshed and the contact between bricks is modelled with non-linear properties. The coefficient of static friction is taken equal to 0.2, while the coefficient of dynamic friction is taken equal to 0.4. The brick density is taken equal to ρm=1.65 E-9 ton/mm 3 , while the density of the rough rubble masonry inside the core is assumed equal to ρf=1.4 E-9 ton/mm 3 . The rubble masonry consists in poor quality unsquared stones with not good consistency. Fig. 4 shows the geometry of the FEM model (dimensions are in mm). In the model, the material properties are elastic. Each masonry element is modeled as a single object that interacts with the adjacent element through contact and friction forces. Each masonry or filling element is a discrete element. Finally, a ramp function in the time domain is used for the loading.
Scenario

Numerical results
The numerical results are obtained for the three different scenarios, corresponding to the three different pertinent volumes reported in Tab. 1.
Figs. 5-7 provide the deformed shape of the structure, 0.9 sec after the elimination of the contrasting block. It is important to state that the collapse takes place independently of the area of influence. However, the collapse rapidity changes radically depending on the considered scenario. Furthermore, the force time histories are reported at two different points (Fig. 8 ). Fig. 9 refers to the left wall, adjacent to the contrasting block that is demolished, and which is the one that collapsed. The graph shows the vertical stress (force) at one point in the wall (A in Fig. 8 ). Reference is made to the second scenario (L equal to 7.1 meters). In the first 10 seconds the loading phase takes place. From 10 to 15 seconds the attenuation of the free oscillations is observed. In addition, some disturbance can also be observed due to the change of constrains. At 15 seconds, the contrasting block is demolished and the collapse initiates. At this point, the vertical force diminishes rapidly. Fig. 10 reports the vertical force time history inside the other wall, the one that did not collapse. The situation is similar, with the gravity force rising, however after the elimination of the retaining block, the vertical force tends to a value equal to the self-weight of the column. This is something that could be expected since the problem is not symmetrical, in the sense that the right column does not collapse. 
CONCLUSIONS
he authors provided a simplified method for the assessment of the collapse of a masonry structure. In the performed analyses, the principal point was to capture the disintegration of the structural system "vault -external wall". Regarding this last, its components disintegrate in the well-cut piece of stones that form the curved part, the sustained part that is over the curved line of the vault and provide the horizontal level of the floor, and the external wall as composed by the two external layers made by ordered stones and the internal strengthless material. In the experience of the authors, the ability (or the necessity) to simulate this disintegration is the focal point of the numerical analysis, while other detailed aspects, like the fine-tuning of material characteristics are secondary. It is obvious that this consideration is very critical toward modeling based on continuum theories. The methodology proposed, can be an important aid also in the preliminary forensic investigation of masonry structure collapse.
